The paper introduces a computationally undemanding model for numerical calculation of a steady transonic flow of wet steam with a non-equilibrium phase change. The basis of the model are Euler equations for one-phase compressible flow, supplemented with a method for calculation of steam wetness, which is then substituted into a modified ideal gas equation. The mathematical model is solved numerically using a finite volume method with an AUSM scheme. The presented method is applied to a 2D flow calculation in a Barschdorff nozzle and an axial turbine cascade. The results are shown along with a comparison to a more complex two-phase flow model.
Introduction
Multiphase flow presents a problem of great complexity and its modelling is highly computationally demanding, which in praxis often necessitates into severe simplifications of the model. This work deals in particular with a two-phase wet steam flow in a nozzle and in a turbine cascade. A variety of complex models for this application is available, however, their complexity often restricts their usability. Consequently, one-phase flow models are often employed for the calculation of wet steam flow, which inevitably leads to a significant loss of achieved accuracy. The ambition of this paper is to present an effective wet steam flow model, which accomplishes results comparable with those of the more complex models, while retaining similar computational demands as one-phase flow models.
Governing equations
The fluid is modelled as a mixture with two components: liquid water and vapour. The presence of the components is described by a mass fraction of liquid in mixture χ, i.e. wetness. The description of the flow is based on a set of Euler equations [1] in 2D, representing a compressible inviscid fluid:
where W denotes a vector of conservative variables for mixture: ρ density, u velocity in x − direction, v velocity in y − direction, e total energy; p pressure, F and G convective fluxes in x− and y − direction respectively, t time, n unit external normal vector to boundary, V volume of integration. The system of equations has to be closed by a material equation, which is in this case based on the ideal gas equation. Its modified form is used, in order to include the influence of the liquid phase (droplets of water) on the gaseous phase (vapour) via the latent heat released during condensation [2] :
where γ stands for Poisson constant, χ for wetness and L for latent heat.
Determination of the wetness is in some more complex models [2] based on a set of transport equations, describing a formation and growth of water droplets. The model presented in this paper is simplified and employs an equilibrium wetness χ eq as a means to determine the actual wetness of the fluid χ. The intended application of the model is a flow inside a turbine cascade, with dry steam at the inlet and vapour condensation inside the domain, caused by its cooling below the saturation temperature T s . The model is based on determination of the position of the beginning of condensation along each streamline; the wetness upstream of this position is set to zero and downstream it is set equal to the equilibrium wetness.
The condensation does not occur immediately with the temperature drop (i.e. when χ eq raises above zero), which leads to a formation of a non-equilibrium state with subcooled dry steam. The limit value χ lim of equilibrium wetness marking the beginning of the condensation depends primarily on the pressure decline rateṗ, defined as [3] :
The family of curves χ lim = const in Mollier diagram is known as Wilson lines. The Wilson lines, i.e. isolines of χ lim , are virtually identical with isolines ofṗ; the limit wetness can therefore be modelled as a function of pressure decline rate. The function χ lim = f (ṗ) is gained by interpolation of values in Table 1 [3] .
2.3 100 2.6 1000 3 10000 3.7 Table 1 Three cases were considered: Barschdorf nozzle in 1D and 2D and a turbine cascade SE 1050 in 2D (Fig.1) . The definition of boundary conditions was based on eigenvalues of the linearised system of Euler equations. The solution in the turbine cascade was assumed to be periodic and therefore the domain of solution was restricted to just one blade passage with periodic boundary conditions. The solution was calculated on a structured quadrilateral mesh. The numerical solution employs a cell-centered a finite volume method with two versions of numerical schemes for a convective fluxes approximation: Lax-Friedrichs scheme with lowered viscosity and AUSM scheme. The AUSM scheme, introduced by Liou and Steffen [4] , manages to capture shocks in a relatively crisp resolution, considering it is only first-order accurate and has low computational demands. This numerical method, standard for one-phase flow computation, is supplemented with the phase-change model. The algorithm carries out the following steps in each iteration: Due to the discrete character of the numerical method (the minimal distance, by which the position of the phase change beginning can be moved, is the distance to a centre of the adjacent mesh volume), the maximum of χ eq cannot be expected to be precisely equal to the value calculated fromṗ, but rather to fall within a given range around that value.
Results and discussion
The model was at first verified on the Barschdorff nozzle, where a comparison with an experiment [5] is available. The numerical results show a good agreement with the experiment upstream and downstream of phase change, only the nucleation region itself is not accurately captured (Fig.2, operating conditions: inlet total pressure p 0 = 78390P a, inlet total temperature T 0 = 380.55K, supersonic outlet). This is a consequence of the model's simplicity, where the process of condensation is not modelled and the value of wetness is switched from zero to equilibrium wetness in a single mesh volume. The above-mentioned range around χ lim leads to a dependency of the results on the initial setting of the phase change position; the difference between the achieved results is, however, restricted locally around the phase change and negligible elsewhere.
The results on a turbine cascade SE 1050 are compared with a one-phase flow model and with a more complex two-phase model [2] using a second order Lax-Wendroff scheme and a set of transport equations for a description of water droplets formation and growth. The one-phase flow results differ significantly from those of both two-phase models, which indicates the unsuitability of the one-phase model for this application. The major difference occurs at the suction side of the blade Presented method with AUSM scheme for one-phase and two-phase flow and results of Lax-Wendroff scheme for two-phase flow [2] in the area downstream of the phase change region (Fig.4 , operating conditions: p 0 = 36730P a, T 0 = 340K at inlet, mean outlet pressure p out = 0.423p 0 ). The presented two-phase model gives a pressure distribution close to that of the more complex two-phase model. The differences between the results of these two models can be accounted to two causes: different numerical methods for convective fluxes approximation (first-order AUSM vs. second-order Lax-Wendroff) and different level of complexity of two-phase flow modelling. The simple two-phase model cannot fully substitute the more complex one, but it brings an improvement in accuracy over the one-phase model without notably increasing the computational demands (convergence in similar number of iterations, each iteration only marginally more demanding).
Conclusions
A simplified model for wet steam flow with a non-equilibrium phase change is presented. The model is tested on a Barschdorff nozzle, where a good agreement with experimental results is achieved. The suitability of the model for some more complex geometries is showed on the case of a turbine cascade. The presented model gives results approaching those of more complex two-phase flow models, while its computational demands remain similar to a one-phase flow model.
